Monoclonal antibodies reacting with the herpes simplex virus (HSV)-encoded major DNA-binding protein defined an intracellular filamentous network. This network was associated predominantly with the infected cell nucleus and occurred in cells infected with HSV type 2. It did not co-distribute with microfilaments, microtubules or intermediate filaments, and DNA synthesis was required for its formation. We suggest explanations for the occurrence and function of this novel filamentous network structure.
INTRODUCTION
Cellular processing of macromolecules requires structures such as the nuclear matrix and eytoskeleton. For example, replicating DNA, heterogeneous nuclear RNA and transcriptionally active genes are associated with the nuclear matrix (Vogelstein et al., 1980; Miller et al., 1978; Manman et al., 1982) and mRNA with components of the cytoskeleton (Cervera et al., 1981) .
Many viruses probably utilize these or analogous structures to process their own macromolecules (Lenk & Penman, 1979; Cervera et al., 1981) . Those viruses which disrupt and cause gross changes in the host cell may encode proteins capable of substituting for these cellular structures.
One such virus, herpes simplex virus (HSV), causes a generalized inhibition of host cell macromolecular synthesis during lytic infection (Sydiskis & Roizman, 1966 Fenwick & Walker, 1979) and disrupts many cellular structures (Bedows et al., 1983) . In the course of studying the eytoskeleton in such cells we observed a novel distribution of the HSV type 2-encoded major DNA-binding protein (DBP) using monoclonal antibodies. In this paper, we report the results of this study. We show, for the first time, that (i) the major DBP forms a filamentous network structure associated with the infected cell nucleus, (ii) this is a specific effect of HSV-2 replication, (iii) the network does not co-distribute with major components of the cytoskeleton and (iv) network formation requires virus DNA synthesis. We suggest explanations for the occurrence and function of this novel structure. (Macpherson & Stoker, 1962) were used throughout. HSV-2 strain 333 (Seth et al., 1974) or HSV-1 strain Kruger (Chan, 1983) were used for most experiments. In addition, a panel of HSV strains was studied comprising HSV-I (F, SC16, CLI01 and HFEM) and HSV-2 (Bry and JC). Virus stocks were propagated by infecting cells at low multiplicity of infection (usually at 0.1).
METHODS

Cells and viruses. BHK-21 clone 13 cells
Immune reagents. Monoclonal antibody TGI8, reacting with the 155000 mol. wt. capsid protein has been described . Monoclonal antibodies E9F10 and E3D7 react with the major DBP and D. S. C. ROSE AND OTHERS were produced as previously described (Goldstein et al., 1983) . All four monoclonal antibodies react with HSV-2-and HSV-l-encoded proteins. Rabbit anti-vimentin polyclonal serum was kindly provided by Dr R. Hynes, MIT, Cambridge, Mass., U.S.A. A monoclonal antibody reacting with fl-tubulin was obtained from Amersham. Nitrobenzoxadiazole (NBD)-phallacidin was obtained from Molecular Probes Incorporated. Monoclonal antibody H4 was used as a control antibody throughout.
Radiolabelling and immunoprecipitation. Metabolic radiolabelling with L-[3sS]methionine and immunoprecipitation were performed as previously described .
Indirect immunofluorescence. Uninfected cells were studied at low density in exponential growth. For infected cell studies, confluent cells were infected with HSV at an m.o.i, of about 1. At approximately 16 h post-infection cells were used for indirect immunofluorescence, since at this time all cells were infected. To study infected cells in the absence of virus DNA synthesis, cells were infected as described in the presence of adenosine-5-fl-furanoside (AraA; 50 ~tg/ml; Sigma) or phosphonoacetic acid (PAA; 500 ~tg/ml; Sigma) and studied at approximately 16 h post-infection. Four fixation procedures were used:
Method A. Cells were washed in PIPES buffer [0-1 M-PIPES (Sigma), l mM-EGTA, 1.5 mM-MgC12 pH 6-8] and permeabilized in 1% Triton X-100 for 3 min. Cells were then fixed in 1 ~ formaldehyde (methanol-stabilized; BDH) for 10 min, followed by methanol for 10 min at -20 °C.
Method B. Cells were washed in PIPES buffer, fixed in 3~ formaldehyde for 5 min, permeabilized in 0-5~ Triton X-100 for 5 rain, and finally in methanol for 10 rain at -20 °C.
Method C. Cells were washed in phosphate-buffered saline containing Ca 2÷ at 9 x 10 -3 M (PBS B), permeabilized in 0.1% Triton X-100 diluted in PBS B for 3 min, and incubated in PBS B alone for 5 min. Cells were then fixed in 1% formaldehyde diluted in PBS B for 10 min followed by methanol for 10 min at -20 °C.
Method D. Cells were washed in PBS A, fixed in ethanol for 10 min at -20 °C and permeabilized with 1 Triton X-100 diluted in PBS for 10 min. Cells were then washed according to Subjeck et al. (1983) in 0-13 M-NaC1, 5 mM-MgCI2, 1 mM-EGTA, 10 mM-Tris-HCl pH 7.5 and then treated with DNase (50 ~tg/ml; Sigma) or RNase (50 Ixg/ml; Sigma) diluted in the same for 1 h at 37 °C.
Indirect immunofluorescence was performed as follows. Monoclonal antibodies were diluted in PBS containing 1% foetal calf serum and incubated with the cells for 20 min at 37 °C. After washing, diluted fluoresceinconjugated goat anti-mouse or goat anti-rabbit serum (Cappell Laboratories) was added and incubated for 20 min at 37 °C. Cells were mounted in glycerol and viewed using a Zeiss Ultraphot II microscope. Controls for nonspecific binding were incorporated throughout.
NBD-phallicidin was diluted as recommended and used with cells fixed according to method B. Cells were incubated for 20 min at 37 °C and mounted in glycerol.
Indirect immunofluorescence with two different antibodies was performed as described previously (LaThangue, 1984) .
RESULTS
Monoclonal antibodies
Hybrid cell lines E9F10 and E3D7 were produced according to Goldstein et al. (1983) ; they secreted monoclonal antibodies of the IgG1 isotype. These antibodies reacted with epitopes present on HSV-1-and HSV-2-encoded molecules (Fig. 1, lanes 2, 3, 6 and 7). No reactivity had been observed with uninfected cells from different species at any stage of growth. Antibody TG18 reacted with a 155000 mol. wt. polypeptide, the major capsid protein (Fig. 1 , lanes 1 and 5). Antibodies E9F10 and E3D7 reacted with a major DBP encoded by HSV (K. Shriver, unpublished observations); this has been previously referred to as ICP8 or VP 130 (Knipe & Spang, 1982) or ICSP 11/12 (Poweli & Purifoy, 19"/6). This conclusion was based on the following criteria. First, they immunoprecipitated a polypeptide with a mol. wt. of 130000 (Fig.  1 , lanes 2, 3, 6 and 7). Second, the antigen was located predominantly in nuclei and produced an immunofluorescence distribution consistent with that described previously (Quinlan et al., 1984) . Third, the antigen was encoded as a fl or early polypeptide. These observations, reported by others as characteristics of the major DBP, strongly suggested that E9F 10 and E3D7 reacted with the HSV-encoded major DBP. This conclusion was used throughout this study.
A filamentous network
Indirect immunofluorescence staining using fixation procedures which are known to preserve the integrity of the cytoskeleton (Lawson, 1983 ) was used to study the intracellular distribution of the major DBP within infected cells. Infected BHK-21 cells were studied at 16 h postinfection, since at this time all cells were infected as determined by immunofluorescence . Immunoprecipitation was performed as described , and electrophoresis was in a 12'5~o acrylamide gel cross-linked with 1.2~ N,N'-diallyltartardiamide. Lanes 1 to 4 show immunoprecipitates from HSV-2 strain 333-infected cell extracts, and lanes 5 to 8 immunoprecipitates from HSV-1 strain F-infected cell extracts. Lanes 1 and 5, TG18 (anti-155000 mol. wt. capsid protein); lanes 2 and 6, E3D7 (anti-major DBP); lanes 3 and 7, E9F10 (anti-major DBP); lanes 4 and 8, H4 (control monoclonal antibody).
staining with a panel of monoclonal antibodies reacting with HSV-encoded polypeptides. At this time, all cells synthesized the major DBP, although the intensity of immunofluorescence varied from cell to cell. When BHK-21 cells were infected with HSV-2 strain 333 and studied at 16 h three predominant distributions were apparent. Both the fine granular and the discrete intranuclear structures described previously (Quinlan et al., 1984) were present (Fig. 2a, b, c) . However, many cells exhibited an intensely staining filamentous structure which appeared predominantly as a network, possibly around nuclei (Fig. 2e) . About 30 ~ of infected cells at 16 h possessed this novel network, although all cells synthesized the major DBP. This structure was seen in cells with different morphologies, such as single adherent cells (Fig. 2h) , giant multinucleate cells (Fig. 3 b) and fully rounded cells (Fig. 2f, g ). It could be visualized with most fixatives, and the optimum conditions are described in method A; it was least clear when cells were fixed only in alcohol. (It should be noted that soluble proteins may be removed by Triton X-100 treatment prior to fixation.) Occasional filaments extending into the cytoplasm were seen although these were extremely rare with fixation method A. In many ceils, immunofluorescence staining of this network corresponded to structures seen by phase-contrast illumination (Fig. 2h, i) . Network morphology was variable, and the immunofluorescence ranged from densely speckled nuclei with short filaments (Fig. 3 b) to full nuclear enmeshment (Fig. 2h) . The patterns in multinucleate syncytia varied, some nuclei showing granular staining patterns and others discrete networks (Fig. 3b) .
This network formation appeared to be a specific effect of HSV-2 replication since similar structures were not detected in BHK-21 cells infected with HSV-1 up to 36 h, when the cytopathic effect was well advanced. Cells infected with HSV-1 had granular and discrete focal staining patterns, as reported previously (Quinlan et al., 1984) . Lytic infection with all strains of HSV-2 (Bry, 333 and JC) studied caused the formation of this structure. However, similar structures have not, so far, been detected in cells infected with a variety of HSV-1 strains (Kruger, F, SC16, CL101 or HFEM). Thus, this network, as defined by monoclonal antibodies reacting with the major DBP, appears to be a specific effect of HSV-2 lytic infection and replication. 
Filaments for the HS V-2 major DBP 1319
To determine whether any protein located in nuclei of HSV-2-infected cells is incorporated into this filamentous network using this fixation technique, we studied the intracellular distribution of several other molecules by indirect immunofluoreseence. Biochemical When confluent BHK-21 cells were infected with HSV-2 in the presence of AraA or PAA and studied with antibody E9FI0 no filamentous networks were apparent; a typical field is shown in (h). Bar markers represent 5 ~tm for (a) to (d) in (a) and 13 ~tm for (e) to (h) in (g).
fractionation studies have shown that the intracellular distribution of the m a j o r capsid protein is similar to that of the major D B P (Knipe & Spang, 1982; Bookout & Levy, 1980 ), yet the typical network described here could not be visualized in cells infected with HSV-2 up to 36 h after 
Filaments for the HSV-2 major DBP 1321 infection (not shown)
. Similarly, studies with monoclonal antibodies reacting with HSV-2-encoded glycoproteins, of which a proportion is located in the nuclear envelope, or other virusencoded proteins failed to detect this structure. Likewise, monoclonal antibodies reacting with host cell-encoded nuclear molecules were negative for this structure LaThangue, 1984) . We conclude from these experiments that the filamentous network is a structure composed, for the most part, of molecules defined by E3D7 and E9F10 and that events during HSV-2 replication, and not of HSV-1, cause its formation.
The network does not co-distribute with the three major cytoskeletal systems
One possible explanation for network formation was that the major DBP bound to endogenous cellular filaments altered by the cytopathic effect from virus infection giving the appearance of an independent structure associated with nuclei. We tested this hypothesis by studying the distribution of the three major cytoskeletal components in BHK-21 fibroblasts" vimentin, actin and tubulin.
Vimentin is a component of intermediate filaments (Hynes & Destree, 1978) , the distribution of which is shown in uninfected cells in Fig. 3 (e) . Double staining with an anti-vimentin polyclonal serum and anti-major DBP monoclonal antibody on cells infected with HSV-2 at 16 h post-infection revealed no co-distribution of these filamentous systems (Fig. 3 a, b) , in fact, the discrete vimentin filaments defined in normal ceils were totally disrupted.
Actin is a component of microfilaments or stress fibres (Lazarides & Weber, 1974) , the distribution of which can be detected using NBD-phallacidin, a ligand specific for F actin (Barak et aL, 1980) . Typical microfilaments were seen in uninfected cells (Fig. 3f) , which again were completely disrupted in HSV-2-infected cells (Fig. 3c) . Structures similar to the filamentous nuclear networks were not detected.
To study the distribution of microtubules we used a monoclonal antibody reacting with lltubulin. A typical distribution for microtubules in uninfected cells was apparent (Fig. 3g) , but the distribution in HSV-2-infected cells was very different. The discrete filaments were no longer present, but a diffuse and continuous immunofluorescence was apparent (Fig. 3 d) . To confirm that the filamentous networks were not related to microtubules, HSV-2-infected cells were treated with a high molarity of Ca 2+ (method C), a treatment known to cause microtubule disruption (Weisenberg, 1982) ; such cells retained the nuclear filamentous structures (data not shown), suggesting that tubulin was not involved in these structures.
The results of the studies on vimentin, actin and tubulin within HSV-2-infected cells imply that the nuclear network is independent of these cytoskeletal structures since they were completely disrupted in infected cells.
Network formation requires DNA synthesis
HSV gene expression occurs in three sequential phases, termed immediate early (IE), early (E) and late (L). The major DBP is encoded as an E gene product (Quinlan et al., 1984) , that is transcription and translation occur before virus DNA synthesis. To study the kinetics of network formation, cells were infected with HSV-2 in the presence of AraA or PAA, conditions known to inhibit virus DN A synthesis (Mao & Robishaw, 1975) , after which the distribution of the major DBP was studied. Immunofluorescence studies showed that in the absence of virus DNA synthesis the formation of the network was inhibited. Such cells typically showed a punctate granular nuclear distribution and quantitative differences from cell to cell were seen (Fig. 3 h) . The network structure was absent in cells infected in the presence of PAA or AraA, although when cells were infected at high m.o.i. (approx. 10) in the presence of DNA synthesis inhibitors a network structure could occasionally be visualized (about one cell in 50000, i.e. a frequency of 2 × 10-5). These results suggest that network formation is a late event in the HSV-2 replication cycle, and that some event concerned with virus DNA synthesis is involved.
Because inhibitors of virus DNA synthesis prevented network structure formation, it was of interest to determine whether these structures incorporated, or the structure was dependent on DNA or RNA. For this, cells were infected with HSV-2 and 16 h later were fixed and treated with either DNase or RNase, in conditions known to allow enzymic degradation of virus and cellular DNA or RNA (method D). Extensive digestion with either DNase or RNase had no effect on these networks since they still could be deafly visualized after treatment (not shown). These results suggest that the network structures do not directly depend on DNA or RNA for their formation.
DISCUSSION
Comparative analyses of herpesvirus genomes have shown that whilst considerable differences exist there are some highly conserved genes (Honess, 1984; Davison & Wilkie, 1983) . One such gene, encoding the HSV major DBP, is related at the protein level (Yeo et al., 1981) and thus the genes probably also have homology at nucleotide sequence level. Such conservation suggests an important function. We have studied the major DNA-binding protein ofHSV (Knipe & Spang, !982; Fenwick et al., 1978; Powell & Purifoy, 1976) which has a mol. wt. of about 130000 (Bayliss et al., 1975; Powell & Purifoy, 1976; Bookout & Levy, 1980) , it is encoded by an E gene (Bookout & Levy, 1980) , and mutations in this gene prevent DNA replication (Conley et al., 1981) . Several investigators have studied its intracellular location and biosynthesis as a model for intranuclear transport (Knipe & Spang, 1982; Quinlan et al., 1984) . This molecule localizes in nuclei of infected cells after an initial association with the cytoskeleton (Knipe & Spang, 1982; Quinlan & Knipe, 1983) where its distribution depends on virus DNA replication (Quinlan et al., 1984) . Several investigators have proposed a direct role in virus DNA replication (Conley et al., 1981 ; Littler et al., 1983) and gene regulation (Godowski & Knipe, 1983) .
In this study, we report a novel intracellular distribution for this molecule. Apart from the well characterized intranuclear distribution, this molecule could be seen as dense structures in phase contrast associated with infected cell nuclei which we have referred to as filamentous networks; it is possible that the networks surrounded and penetrated such nuclei. Such structures were only detected in HSV-2-infected cells; they could not be visualized at any time in HSV-1 lytically infected cells. They did not co-localize with vimentin, actin or tubulin, which compose the three major cytoskeletal filaments in uninfected cells. In fact, these filaments were usually disrupted completely in HSV-2-infected cells and showed no similarity with the network. Virus DNA synthesis was required for network formation, yet the structure was not directly dependent upon DNA. Thus, we have defined a major difference in the intracellular distribution of the major DBP between HSV-2-and HSV-l-infected cells.
It is intriguing that an analogous observation was made by several investigators some time ago. Electron microscopy on thin sections prepared from HSV-infected cells demonstrated nuclear, and occasionally cytoplasmic filaments (Murphy et al., 1967; Couch & Nahmias, 1969; Schwartz & Roizman, 1969) . These were specific to HSV-2-infected cells since they could not be detected in cells infected with various HSV-1 laboratory strains or clinical isolates (Murphy et al., 1967; Schwartz & Roizman, 1969) . Although there was no biochemical characterization of these filaments, we hypothesize that the filaments detected by those workers are related to the structures we have identified here; this hypothesis is currently being tested by immunoelectron microscopy.
What is the function of such structures and how could they arise? Cytoskeletal structures in the cell nucleus probably serve many functions, such as in DNA replication, transcription and RNA processing. Clearly, a nuclear structure composed of a virus-encoded molecule, which itself is suspected of having a role in DNA replication and transcription, could substitute for such a cellular structure. However, this possibility seems intrinsically unlikely since this structure was not detected in HSV-l-infected cells and yet these viruses have very similar replication cycles (Spear & Roizman, 1980) .
The fact that inhibitors of virus DNA synthesis prevent network formation suggests that an event related to DNA synthesis is involved, for example direct binding to DNA. Again, this is unlikely since the structures were resistant to DNase digestion. One obvious possibility is that these structures form spontaneously because of the high intranuclear concentration of this molecule. This would produce a more energetically favourable structure which may have no bona fide biological function, and could, for example, associate with a component of the nuclear matrix. In this model, a modification of the major DBP is associated with virus DNA replication, thus favouring the formation of an energetically stable structure. Other molecules with a high intracellular concentration exhibit atypical behaviour (Fulton, 1982; Minton, 1981) and may form, for example, crystalline structures, such as immunoglobulin gussel bodies (Thiery, 1958) . It will obviously be of great interest to define the difference(s) between the HSV-1-and HSV-2-encoded major DBPs that give rise to such filamentous structures.
